Due to heightened level of neuroplasticity, there is a sensitive period (2-4 years after birth) that exists for optimal central auditory development. Using diffusion tensor imaging combined with resting-state functional connectivity (rsFC) analysis, this study directly investigates the structural connectivity alterations of the whole brain white matter (WM) and the functional reorganization of the auditory network in infants with sensorineural hearing loss (SNHL) during the early sensitive period. 46 bilateral profound SNHL infants prior to cochlear implantation (mean age, 17.59 months) and 33 healthy controls (mean age, 18.55 months) were included in the analysis. Compared with controls, SNHL infants showed widespread WM alterations, including bilateral superior longitudinal fasciculus, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, right corticospinal tract, posterior thalamic radiation and left uncinate fasciculus. Moreover, SNHL infants demonstrated increased rsFC between left/right primary auditory cortex seeds and right insula and superior temporal gyrus. In conclusion, this study suggests that SNHL in the early sensitive period is associated with diffuse WM alterations that mainly affect the auditory and language pathways. Furthermore, increased rsFC in areas mainly associated with auditory and language networks may potentially reflect reorganization and compensatory activation in response to auditory deprivation during the early sensitive period.
Introduction
With the establishment of newborn hearing screening programs, the number of infants identified with congenital sensorineural hearing loss (SNHL) is on the rise, as it is estimated to affect 1 to 2 of every 1000 newborns in Western countries (Kral and O'Donoghue, 2010) .
A C C E P T E D M A N U S C R I P T
Hearing loss caused by SNHL is due to alterations in the vestibulocochlear nerve, inner ear, or central processing pathways of the brain. Although there are many hypothesized pathologies, including various infections, ototoxic agents, inner ear malformations and immunologic diseases, genetic causes account for at least 50% of congenital SNHL (YA and M, 2006) . Individuals with congenital bilateral profound SNHL typically have no hearing experiences after birth, which can dramatically alter white matter (WM) and cortical development, and lead to negative affects not only on language but also on cognitive and social functions Lin et al., 2008; Liu et al., 2015; Tarabichi et al., 2017) .
Cochlear implantation (CI) has become a routine surgical procedure worldwide for the management of profound SNHL. Specifically, age at implantation is one of the key factors for improved language outcomes (Richter et al., 2002; Svirsky et al., 2004; Tomblin et al., 2005) .
During early development, the brain undergoes crucial changes. Researchers studying the auditory cortex have reported that peak synaptic density is attained at 2 -4 years of age in children with typical hearing (Kral and O'Donoghue, 2010) . These data also correspond to electroencephalographic studies on implanted children, which have also established the existence of, and the time limits for, a sensitive period for CI within the first 3.5 -4.0 years after birth (best before the 2nd year of life) (Kral and Sharma, 2012; Sharma and Campbell, 2011) . Taken together, the maturation of the auditory cortex has a sensitive period during the first 2 -4 years of life, during which the central auditory system remains maximally plastic, and CI surgery is more likely to be successful. More recently, one study stated that the development of auditory, language and vision processing function might be affected by congenital severe SNHL before 4 years of age (Xia et al., 2017) . However, there has been little work investigating how the structural and functional connectivity changes in bilateral profound SNHL infants during this sensitive period.
Advanced non-invasive MR techniques, including diffusion tensor imaging (DTI) and functional MRI (fMRI), have been applied to investigate microstructural and functional changes in patients with SNHL. DTI represents a neuroimaging modality, which measures the displacement of water molecules within WM tracts, providing insight into changes in WM microstructure and thus serving as a biomarker of tissue integrity (Tarabichi et al., 2017) . The most commonly used quantitative parameter is fractional anisotropy (FA), which provides information about fiber integrity (Steele et al., 2013) . Studies using DTI have reported altered microstructure of extensive WM in SNHL patients, including auditory A C C E P T E D M A N U S C R I P T pathways, such as the lateral lemniscus, inferior colliculus, auditory cortex and auditory radiation (Karns et al., 2016; Lin et al., 2008) , as well as some non-auditory areas (Rachakonda et al., 2014) . These findings suggested axonal loss or lack of myelination caused by the auditory deprivation in SNHL patients. Additionally, in children with a mean age of 4 -5 years, some DTI studies found that those who had a good outcome with CI showed better neural integrity in brain areas associated with language and auditory pathways, which suggested that the conservation of the microstructural integrity of these brain areas is important, potentially providing clinically useful information for guidance of CI (Chang et al., 2012; Huang et al., 2015) . Therefore, DTI provides an effective approach for examining structural connectivity affected by SNHL.
Furthermore, fMRI has been used to evaluate the effect of hearing loss on cerebral activity in SNHL patients. Resting-state functional connectivity (rs-FC) MRI depends on the spontaneous neural activity of brain and is usually used to evaluate the functional network organization that occurs when a subject is not performing a specific task (Biswal et al., 1995; Fair et al., 2007; Fox et al., 2005) . Recent rs-FC studies have found abnormal brain FC induced by unilateral or bilateral hearing loss Liu et al., 2015; Schmithorst et al., 2014; Shi et al., 2016; Tobyne et al., 2017; Wang et al., 2014; Xu et al., 2016; Zhang et al., 2015; . For example, in children with severe congenital SNHL who do not have cochlear implants (aged 5 -14 years), the primary auditory cortex (A1) was found to be less connected with the motor cortex, whereas the visual cortex showed strengthened connectivity with motor and speech cortices . Liu and colleagues evaluated whole-brain FC changes related to the auditory cortex in adult patients with left-sided SNHL, and found that the SNHL group showed significant FC changes in the auditory system, recognition network, visual cortex and language network (Liu et al., 2015) . These findings suggest that the functional reorganizations occurred as a response to auditory deficits. However, most of these studies focused on subjects who had a relatively long history of hearing deprivation and so had matured beyond the sensitive period of sensory development and plasticity.
Using DTI in conjunction with rs-FC analysis, the present study directly investigates the structural connectivity alterations of the whole brain WM tracts as well as functional reorganization of the auditory network in infants with bilateral profound SNHL who are under 3 years of age. This study aimed to obtain a better understanding of the brain connectivity characteristics associated with congenital SNHL, especially in infants prior to
cochlear implantation during their early sensitive period.
Patients and methods

Patients
This study is comprised of 86 subjects: 50 patients with congenital bilateral profound SNHL and 36 healthy controls (HC). All SNHL participants failed the newborn hearing screening examinations. As a confirmatory test, the auditory brainstem response (ABR) was measured at 42 days. All the patients with ABR results greater than 90dB were documented as having bilateral profound hearing loss. Their parents were then referred by the Department of Otolaryngology for MRI scans as a presurgical evaluation for CI and consented to participate in our fMRI protocol. SNHL infants who had any malformation or abnormality found in the high-resolution computed tomography scan (HRCT) of the temporal bone or MRI of the brain and inner ear scans were not included in the study. Moreover, all deaf infant participants did not wear hearing aids, and had no history of infections, ototoxic drugs, cytomegalovirus, trauma or any other neural diseases. The control group was well matched to the patient group in terms of age and sex. Participants in the control group received clinical MRI scans with sedation for non-hearing related indications, and their parents agreed to additional sequence scans and hearing tests. Inclusion criteria included: gestational age of at least 36 weeks, no single frequency greater than 25 dB and normal neuroanatomy as determined by a pediatric neuroradiologist. Exclusion criteria included: a variety of central nervous system diseases, such as white matter hypoplasia, abnormal neuronal migration, trauma, tumor, infection, epilepsy and so on. Signed informed consent was obtained from every subject's parents prior to entering the study. All examinations were approved by the hospital ethics committee.
MRI acquisition
MR images were acquired using a Siemens Verio Tim 3.0T MR scanner (Siemens Medical Solutions, Erlangen, Germany) with a 12-channel head coil. All the infants were sedated with 50-60 mg/kg of 10% chloral hydrate orally, 15 minutes before MR imaging.
Hearing protection was provided with earplugs and headphones. During MRI, infants were continuously monitored by a pulse oximeter and closely observed by a pediatrician. All 
(www.fmrib.ox.ac.uk/fsl/) (Smith et al., 2004) . Firstly, DTI images underwent eddy current correction and linear registration to the non-diffusion weighted image in order to correct for head motion. Images were then brain-extracted using Brain Extraction Tool (BET) and entered into FDT toolbox (FMRIB's Diffusion Toolbox) for generating FA maps. Following this, tract-based spatial statistics (TBSS) (Smith et al., 2006) were applied to the data. Instead of aligning onto a standard FMRIB58 template, a new target image was selected; that is the one with the minimum mean displacement score from all other subjects in the group using TBSS option (tbss_2_reg -n) (Ball et al., 2010) . FA images from each participant were coregistered to the target image using non-linear registration in FNIRT (FMRIB's Non-linear Registration Tool), and then affine-aligned into Montreal Neurological Institute 152 standard space. After that, a mean FA image was created, which was then thinned to generate a mean FA skeleton of white matter tracts. A threshold of 0.2 was selected to define the border of major fiber bundles.
For voxel-wise analyses of FA measures, differences between the SNHL group and healthy controls were tested in a general linear model (GLM) framework with t-test using nonparametric permutation testing (number of permutations = 5000), FSL's randomize and controlling for age and sex. Family wise error (FWE) corrected p value of <0.05 was identified as significant, according to the threshold-free cluster enhancement method.
Functional data processing: Seed-based resting-state functional connectivity analysis
Resting-state fMRI data was preprocessed using the DPARSF toolbox and REST toolbox version 1.8 (www.restfmri.net) in SPM8 (http://www.fil.ion.ucl.ac.uk). The first 10 functional volumes were discarded for signal equilibrium and the subjects' adaptation to scanning noise. Slice-timing and realignment for head motion correction were then performed. All subjects with a head motion greater than 2.0mm translation or 2.0°rotation in any direction were excluded. After that, functional images were co-registered to a corresponding T1-weighted high-resolution image. T1-weighted images were segmented using University of North Carolina 2-year-old tissue probability maps (Feng et al., 2011) .
Following that, images were normalized to the 2-year-old brain template, resampled to 3mm isotropic voxels, and smoothed with a full width at half maximum (FWHM) Gaussian
Smoothing kernel of 6mm. Additional preprocessing steps were also conducted to minimize the effect of physiological artifacts on the resting-state signal. These steps including:
temporal band-pass filtering (0.01-0.08Hz), regression of rigid body head motion parameters in 6 directions, regression of the whole-brain averaged signal, regression of cerebrospinal fluid (CSF) signal averaged from a ventricular region mask, regression of white matter signal averaged from a white matter mask.
Functional connectivity was then performed using the seed-voxel correlation approach, in which the time-course signal in a seed region is correlated to all voxels in the whole brain.
For a particular A1 seed, a mask of the left and right Heschl's gyrus (HG) were defined as regions of interest (ROIs) based upon the 2-year-old Automated Anatomical Labeling (AAL) (Feng et al., 2011) . Correlation coefficients were then transformed to z values using the Fisher r-to-z transformation to improve normality. All analyses at the group level were conducted using SPM8 software. For within-group FC analysis, a one-sample t-test was performed based on the individual z values to determine the brain regions that showed positive FC to each ROI in each group (false discovery rate (FDR) corrected threshold of p < 0.05 was set). For between-group comparisons, two-sample t-tests were performed to identify brain regions that showed significant FC differences to each ROI (FDR corrected threshold of p < 0.05 was set). Analyses were performed after regressing out nuisance covariates including age, sex, and head motion. Results were visualized with REST Slice Viewer and BrainNet Viewer.
Magnetic resonance imaging quality control
DTI data were initially preprocessed using DTIPrep software to automatically identify and correct motion and scanner-induced artifacts. None were detected.
Further to this, DTI data were visually inspected by the first author on a slice-by-slice basis during analysis to identify any intensity artifacts including banding and poor signal-to-noise ratio. Again, no artifacts were detected.
For fMRI data, 4 subjects with head motion of more than 2.0mm (2 SNHL participants and 2 controls) were excluded from further analysis. In addition, the first author visually inspected the coregistration and normalization in fMRI data processing in all datasets. As a result, 2 SNHL participants failed to coregister structural and functional images, while one control failed to normalize to the 2-year-old brain template. Thus, these 7 subjects were excluded from further analyses. In total, 79 subjects (46 SNHL infants and 33 healthy controls) without neuroanatomical anomalies were included in the study.
Given recent evidence that DTI and FC analysis are particularly susceptible to head motion (Mayer et al., 2007; Yendiki et al., 2014) previous work has shown that frame-to-frame motion has great influence on connectivity results (Power et al., 2012) . Frame-wise displacement (FD) was also calculated for assessing the amount of head movement between volumes. We used a volume censoring approach, removing volumes associated with greater than 0.5 mm FD (and one volume before and two volumes after to account for temporal blurring). After that, subjects with less than 114 volumes (60% of the total volumes) were excluded. As a result, no additional subjects were 
Results
Demographic and clinical characteristics
Demographic and clinical data for the subjects are shown in Table 1 . No significant differences were found in age and sex between two groups. The ABR of the left and right ear were significantly different between two groups.
Structural connectivity analysis
Whole-brain group-comparison results for the FA values obtained by TBSS analysis are shown in Figure 1 and Table 2 . Compared with HC, SNHL infants showed significant FA reductions of multiple WM clusters. These regions were bilateral superior longitudinal 
Inter-group comparison
Inter-group FC analysis revealed differences between the two groups with the left/right A1 as the seeds (Figure 3 and Table 3 ). Compared with HC, SNHL group showed significant increased FC in right insula and superior temporal gyrus (STG) when the left A1 was used as the seed region. Additionally, increased FC was found in the right insula and STG when the right A1 was used as the seed region. No region of decreased FC was found in SNHL group compared with HC group. 
Discussion
During development, periods of maximal neuroplasticity -known as the "sensitive period" -have been well described (Knudsen, 2004; Kral and O'Donoghue, 2010) .
Deprivation of auditory input during the early sensitive period has major and long-lasting impacts on intrinsic brain organization. In this multimodal MRI study, we found that the infants under 3 years of age with profound congenital bilateral SNHL demonstrated widespread alterations of WM microstructures as well as increased rs-FC between the left/right A1 seeds and the areas mainly associated with auditory and language networks. To our knowledge, this is the first study combined structural and functional connectivity analysis to explore the brain connectivity characteristics in SNHL infants during this early sensitive period.
White matter alterations
The development of synapses is regulated by neuronal activity. When activity is absent (for example, the lack of auditory input for those with bilateral profound SNHL), synaptic development is delayed and takes place later (Kral and Sharma, 2012; Kral et al., 2005) , regulated by other principles which are not related to sensory input. Using a semiautomatic method for demarcating ROIs, Karns and colleagues (Karns et al., 2016) found that congenitally deaf adults had reduced FA in WM underlying bilateral HG, anterior superior temporal gyrus (STG), posterior STG and posterior corpus callosum. In addition, WM changes have also been explored using whole-brain DTI analyses in deaf adults and adolescents (Kim et al., 2009; Li et al., 2012; Miao et al., 2013) . For example, Kim et al. to less myelination, axonal loss and/or fewer fibres projection caused by auditory deprivation during an early sensitive period. In addition, our results were consistent with another recent study which found a distributed pattern of FA reduction (in HG, IFOF, UF, SLF and the forceps major) in a deaf group below 4 years of age when compared with a hearing group (Park et al., 2018) . However, the difference was not significant in older subjects (aged 4-8 years) (Park et al., 2018) . Along with Park's findings, WM alterations detected in our SNHL group may suggest that the development of WM is delayed in congenital deaf children within the early sensitive period. While in older children, adolescents or adults, WM alterations may be affected by other factors including the use of sign language, visual experiences and intelligence.
The SLF, which consists of three components (I, II, III), projects from the frontotemporal and fronto-parietal regions in a bidirectional manner. The ILF interconnects temporal with ipsilateral occipital lobes (Catani et al., 2002) . The IFOF connects the ipsilateral frontal and occipital lobes, ipsilateral frontal and posterior parietal and temporal lobes and mixes with the UF (Catani et al., 2002; Potapov et al., 2014) . These specific association fasciculi, which mainly connect regions of fronto-parieto-temporal network, can be considered part of the speech processing stream, described by Specht as the Dual Stream
Model (Hickok and Poeppel, 2007) . This indicates that there are microstructural alterations, possibly reflecting delayed development, in pathways responsible for the perceptual integration of auditory and language signals in the SNHL group.
The CST contains projection fibres mainly associated with motor function (Kunimatsu et al., 2003) . The microstructure alteration of this fibre tract may suggested that early hearing deprivation also affects the development of motor fibers, which may be linked to the reduced motor behavior found in infants with SNHL. Thalamic radiata contain projection fibres which lead to and from the cortex connecting with the thalamus. The medial geniculate nucleus of the thalamus is an obligatory relay for all ascending auditory information destined to reach the primary auditory cortex. MR imaging studies have shown that the thalamus, particularly the right PTR, plays an important role in auditory signal processing (Baldoli et al., 2015; Meredith and Allman, 2012) . In this study, a significantly decreased FA found in the right PTR indicated microstructure alterations in the posterior thalamic projection pathways, which may be due to a lack of auditory input in SNHL infants (Kral and Pallas, 2011) .
Alterations of functional connectivity
Measurements of rs-FC MRI in subjects with SNHL have shown altered FC not only in regions directly associated with auditory processing, but also in the higher-order structures involved in the functional organization of higher-level networks, including the DMN network, executive control network and language network (Dewey and Hartley, 2015; Liu et al., 2015; Tibbetts et al., 2011; . A1 is located in the HG, believed to be the first region of the auditory pathway. Although functional neuroplasticity in A1 has been controversial (Bavelier et al., 2006; Kral et al., 2003) , recent studies have reported the functional and structural reorganization of A1 in deaf cats (Wong et al., 2014) , congenitally and profoundly deaf adults (Karns et al., 2016; Scott et al., 2014) , unilateral SNHL children Propst and Greinwald, 2010) and congenital bilateral severe SNHL infants (below 4 years old) (Xia et al., 2017) . In this study, we used left/right A1 as seeds to explore FC changes, and found increased FC in insula and STG in the SNHL group. These changes suggest that hearing loss affects functional adaptive reorganization in SNHL infants within the early sensitive period. The insular cortex and STG are auditory, language-related regions which are responsible for auditory conscious experience, such as allocating auditory attention (Bamiou et al., 2003) , and language comprehension (Dewitt and Rauschecker, 2013; Yeatman et al., 2010) . Thus, consistent with previous reports (Tibbetts et al., 2011; Xia et al., 2017) , the increased FC within the auditory and language networks was also found in our study with SNHL infants. This may be explained as a compensatory mechanism of the brain for balancing the WM alteration or delayed development in these brain regions due to no sound stimulated in the early sensitive period.
In addition, many studies have shown that connectivity with the auditory-visual cortex and auditory-somatosensory cortex can be altered by hearing loss due to the adaptive and compensatory processes which originate from the cross-modality plasticity in the auditory cortex (Chen et al., 2017; Merabet, 2010; Sharma et al., 2015; Stropahl et al., 2016) .
However, in this study, the absence of FC changes in the visual or somatosensory associated cortices may suggest that the functional reorganization patterns in infants with SNHL within the developmental sensitive period is different from that in subjects who have relatively longterm auditory deprivation. An alternative explanation may be around the short duration of deafness in infants who have no experience in sign language or hearing aid use. Recent studies have found a strong correlation between cross-modal re-organization and poor outcomes with CI in deaf adults (Buckley and Tobey, 2011; Sandmann et al., 2015) . In addition, previous studies using fMRI with auditory stimulation also found that children who perform well with CI appear to activate networks which participate in language function and attention, while children who perform poorly with CI repeatedly show functional specialization of auditory cortical areas for visual processing (Deshpande et al., 2016; Giraud and Lee, 2007) . Thus, we have here provided further evidence for the existence of the sensitive period in the development of the central auditory system. In addition, this may be part of the functional basis that explains the most optimal outcomes of CI carried out within early sensitive period.
Limitations and future directions
Despite these interesting findings, firstly, certain inherent limitations due to the small sample size must be addressed. Secondly, using the TBSS and rs-FC analysis presented here, we are trying to reveal the alterations of structural and functional connectivity in congenitally deaf infants within the sensitive period. For further exploration of neuroimaging biomarkers for predicting CI outcomes, long-term follow-up of this group needs to be implemented.
Additionally, more work is needed to extend the predictive value of fMRI from group level to individual level. Thirdly, the specific causes of deafness were not addressed in this study.
However, SNHL infants who had any malformation or abnormality found in the conventional CT or MRI were not included in the study. Besides, all deaf infant participants had no history of infections, ototoxic drugs, cytomegalovirus, trauma or any other neural diseases.
Consequently, it makes the cause of SNHL in our study mostly genetic or unknown reasons.
Some studies have suggested that WM integrity (Tan et al., 2010) and cortical function (Liegeois et al., 2003) may be closely related to individual genetic composition.
Thus, it will be equally important to investigate genetic contributions to WM and cortical function development in hearing loss subjects. With the enlargement of sample size and the advances in molecular biology, further studies will be able to focus on the association of genetic variation with neuroimaging endophenotypes in SNHL infants, and so may be able to provide insight into the role of genetic causes in shaping auditory system structure and function. Fourthly, lateralization is an important property for the brain functions. Fourthly, analyses directly tested the hemispheric differences confirmed that the interaction of deafness and task was more left lateralized, while the main effect of deafness was more right lateralized (Twomey et al., 2017) . More recently, one study measured cerebrovascular activity during language processing in a group of deaf children and found left lateralization while producing speech, sign, sign-supported English, or a combination of languages (Payne et al., 2019) . However, the infants included in our study were too young to be able to perform the handedness assessment, which would further make the assessment of lateralization inaccurate. Thus, the lateralization development after auditory deprivation and its relationship between the changes of WM integrity and FC are still in need of further exploration. Finally, our findings were from resting state conditions while the infants were sedated with chloral hydrate, which represents a limitation for comparing data obtained during natural sleeping
conditions. Previous work has demonstrated the feasibility of fMRI for assessment of auditory cortical function in hearing loss infants, even with the use of sedation (Altman and Bernal, 2001; Patel et al., 2007) . However, more research is required to demonstrate the
utility of fMRI as effective approaches to highlight auditory cortical function in sedated infant subjects.
Conclusion
Our study used multimodal imaging to inspect both the structural and functional connectivity changes in bilateral profound SNHL infants before 3 years of age. In summary,
we observed diffuse WM microstructural alterations extended to fibres that mainly within the auditory and language pathways, which may reflect delayed WM development in SNHL group. Additionally, FC changes were found between the left/right A1 and areas mainly involved in auditory and language networks, which may reflect compensatory functional reorganization. Combining DTI and rs-FC analysis, our findings have the potential to provide novel insights into the brain connectivity characteristics of SNHL infants during the early sensitive period.
Conflict of interest
The authors declare no conflict of interest. Table 3 A C C E P T E D M A N U S C R I P T
Inter-group functional connectivity analyses demonstrating significant increased functional connectivity in SNHL group compared with HC group using bilateral A1 as seeds. A C C E P T E D M A N U S C R I P T
